Background: IL-8 promotes angiogenesis and metastasis in ovarian cancer. Results: Proteasome inhibition induces specific recruitment of IKK␤, EGR-1, and S536P-p65 to the IL-8 promoter. Conclusion: The increased IKK␤, EGR-1, and S536P-p65 recruitment results in the increased IL-8 expression and release in ovarian cancer cells. Significance: The BZ-increased IL-8 release may be responsible for the BZ-limited effectiveness in ovarian cancer treatment.
Ovarian cancer is among the leading causes of cancer death in women. Because most ovarian cancers relapse and become drug-resistant, the survival rates remain low. Progression of ovarian cancer has been associated with the increased expression of proinflammatory and proangiogenic chemokines, such as IL-8, which contribute to cancer development through their induction of tumor cell proliferation, survival, migration, and angiogenesis (1) (2) (3) (4) (5) (6) . At the transcriptional level, IL-8 expression is regulated by the transcription factor NFB (7, 8) . NFB activity is constitutively increased in aggressive ovarian cancers, and inhibition of NFB activity suppresses angiogenesis and tumorigenicity of ovarian cancer cells and increases their sensitivity to chemotherapy and apoptosis (9 -12) .
The increased activity of NFB in ovarian cancer cells is mediated by the enzymes of the IB kinase (IKK) 2 complex, which phosphorylate IB␣, resulting in the proteasomal degradation of IB␣ and nuclear translocation and accumulation of NFB subunits (13) (14) (15) (16) . In addition to phosphorylating IB␣, IKKs can also phosphorylate the NFB subunits, particularly p65 (17, 18) . Although the cytoplasmic degradation of IB␣, resulting in the nuclear translocation of NFB subunits, represents a general step in NFB activation, the specificity of NFBregulated responses is mediated by the subunit composition of NFB complexes and their post-translational modifications (19, 20) .
Inhibition of the proteasomal degradation of IB␣ has been used as a rationale for development of anti-cancer therapies targeting the expression of NFB-dependent proinflammatory and anti-apoptotic genes (21) (22) (23) (24) . Bortezomib (BZ, Velcade, PS-341) is the first Food and Drug Administration-approved proteasome inhibitor that has been developed as a selective inhibitor of the chymotrypsin-like activity of the 26 S proteasome and has shown remarkable anti-tumor activity in multiple myeloma and other hematological malignancies (21) (22) (23) (24) (25) (26) . In solid tumors, including ovarian carcinoma, BZ has been less effective as a single agent; however, the mechanisms remain largely unknown (27) (28) (29) (30) . Nevertheless, BZ has been considered in combination with * This work was supported, in whole or in part, by National Institutes of Health other therapies, especially cisplatin, as it prevents the cisplatininduced degradation of cisplatin influx transporter, resulting in enhanced cisplatin uptake and tumor killing (31, 32) . Thus, understanding the mechanisms responsible for the resistance of ovarian carcinoma and other solid tumors to proteasome inhibition may lead to the development of more effective combination therapies.
We have recently shown that in metastatic prostate cancer cells, bortezomib increases the IL-8 expression (33) . This study was undertaken to investigate the mechanism of BZ resistance in ovarian cancer cells. Here we show that in ovarian carcinoma cells, proteasome inhibition also increases the expression and release of IL-8. However, the mechanism is different from prostate cancer cells and involves an increased nuclear accumulation of IKK␤ and a gene-specific recruitment of IKK␤, Ser-536-phosphorylated p65, and the transcription factor early growth response-1 (EGR-1) to the endogenous IL-8 promoter. Interestingly, however, we found that in contrast to prostate and ovarian cancer cells, BZ does not increase the IL-8 release in multiple myeloma cells. Taken together, these data indicate that the increased IL-8 release induced by proteasome inhibition may represent one of the mechanisms responsible for the decreased effectiveness of BZ in ovarian cancer and other solid tumors and suggest that targeting IKK␤ and EGR-1may lead to new combination therapies for ovarian cancer.
EXPERIMENTAL PROCEDURES
Antibodies and Reagents-Purified polyclonal antibodies against human IB␣ (sc-371), p65 NFB (sc-372), Ser-536phosphorylated p65 NFB (sc-33020), p50 NFB (sc-7178), EGR-1 (sc-189), IKK␣ (SC-7218), IKK␤ (sc-8014), and lamin B (sc-6216) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Purified polyclonal antibody against lactate dehydrogenase (LDH; 20-LG22) was from Fitzgerald Industries International (Concord, MA), and actin antibody was from Sigma. Horseradish peroxidase-conjugated anti-rabbit, antimouse, and anti-goat secondary antibodies were from Santa Cruz Biotechnology.
Bortezomib was obtained from ChemieTek (Indianapolis, IN). MG132 and the IKK inhibitors PS-1145 and Bay-117082 were purchased from Sigma. All other reagents were molecular biology grade and were from Sigma.
Cell Culture-All cell lines were obtained from American Type Culture Collection (ATCC; Manassas, VA). Ovarian cancer OVCAR3 and SKOV3 cells were cultured in RPMI 1640 medium (Invitrogen) supplemented with 20% heat inactivated fetal bovine serum (FBS; Invitrogen) and antibiotics (100 units/ml penicillin and 100 g/ml streptomycin). Multiple myeloma IM-9 and RPMI-8226 were grown in RPMI 1640 medium with 10% FBS and antibiotics. Before treatment, cells were seeded (5 ϫ 10 5 cells/ml) for 24 h in 6-well plates and grown at 37°C with 5% CO 2 . Bortezomib, MG132, and IKK inhibitors were dissolved in DMSO and stored at Ϫ80°C. An equivalent volume of DMSO was used in all experiments as a solvent control.
Western Analysis of Cytoplasmic and Nuclear Extracts-Nuclear (NE) and cytoplasmic extracts (CE) were prepared as described previously (34 -36) . Contamination of nuclear and cytoplasmic fractions by cytoplasmic and nuclear proteins, respectively, was determined by Western analysis using LDH and lamin B as specific markers. Denatured proteins were separated on 12% denaturing polyacrylamide gels, and immunoblotting analysis was performed as described (36) .
Proteasome Activity Assay-Activity of the 20 S catalytic proteasomal core unit was measured in whole cell extracts by using the 20 S Proteasome Activity Assay kit (Chemicon, APT280; Temecula, CA) as described by the manufacturer. Briefly, cells were lysed in a lysis buffer (50 mM Hepes, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100) for 30 min on ice, and the lysates were collected by centrifugation (10,000 ϫ g, 15 min, 4°C). The cell lysates were incubated (2 h, 37°C) with a labeled substrate, LLVY-7-amino-4-methylcoumarin, and the cleavage activity was monitored by detection of the free fluorophore 7-amino-4-methylcoumarin using a fluorescence plate reader (Berthold Mithras LB940, Berthold Technologies) at 355/460 nm.
Real Time PCR-Total RNA was isolated by using RNeasy mini-kit (Qiagen, Valencia, CA). The iScript one-step RT-PCR kit with SYBR Green (Bio-Rad) was used as a supermix, and 20 ng/l RNA was used as template on a Bio-Rad MyIQ Single Color Real-time PCR Detection System (Bio-Rad). The primers used for quantification of IL-8, CCL2, CXCL5, IL-6, TNF␣, and actin mRNA were purchased from SA Biosciences (Frederick, MD).
ELISA-Cytokine release was measured in cell culture supernatants by commercially available ELISA kits (R&D, Minneapolis, MN) as previously described (36) .
Transfection with siRNA-Human EGR-1 (sc-29303) and non-silencing (sc-37007) small interfering RNAs (siRNAs) were obtained from Santa Cruz Biotechnology. Before transfection, cells were seeded into a 6-well plate and incubated in a humidified 5% CO 2 atmosphere at 37°C in antibiotic-free RPMI medium supplement with 20% FBS for 24 h to 80% confluence. For each transfection, 80 pmol of either non-silencing siRNA-A control or EGR-1 siRNA (Santa Cruz Biotechnology) were used. The cells were transfected for 6 h in siRNA transfection medium (sc-36868) with siRNA transfection reagent (sc-29528) according to manufacturer's instructions (Santa Cruz Biotechnology). After transfection, fresh medium with antibiotics was added, and the cells were grown for 24 h before BZ treatment.
Chromatin Immunoprecipitation (ChIP)-ChIP analyses were performed as described (37) . Proteins and DNA were cross-linked by adding formaldehyde to the growth medium to a final concentration of 1% for 15 min at 37°C, and glycine was added at a final concentration of 0.125 M to neutralize formaldehyde. Cells were washed with PBS containing protease inhibitors and collected by centrifugation. Cells were then resuspended in SDS lysis buffer, incubated at 4°C for 10 min, and sonicated. The lysates were centrifuged at 15,000 ϫ g for 10 min at 4°C, and the supernatant extracts were diluted with ChIP dilution buffer and precleared with protein A/G-agarose (Santa Cruz, CA) for 30 min at 4°C. Immunoprecipitation was performed overnight at 4°C with specific antibodies. After immunoprecipitation, the samples were incubated with protein A/G-agarose for 1 h, and the immune complexes were collected by centrifugation (150 ϫ g at 4°C), washed, and eluted with 1% SDS, 0.1 M NaHCO 3 . After reversing the cross-linking, proteins were digested with proteinase K, and the samples were extracted with phenol/chloroform followed by precipitation with ethanol. The pellets were resuspended in nuclease-free water and subjected to real time PCR. Immunoprecipitated DNA was analyzed by real-time PCR (25 l reaction mixture) using the iQ SYBR Green Supermix and the Bio-Rad MyIQ Single Color Real-Time PCR Detection System (Bio-Rad). Each immunoprecipitation was performed four times using different chromatin samples, and the occupancy was calculated by using the ChIP-qPCR Human IGX1A Negative Control Assay (SA Biosciences) as a negative control and corrected for the efficiency of the primers, which detect specific genomic DNA sequences within ORF-free intergenic regions or "promoter deserts" lacking any known or predicted structural genes. The primers used for real time PCR were the following: IL-8, forward (5Ј-GGGCCATCAG-TTGCAAATC-3Ј) and reverse (5Ј-GCTTGTGTGCTCTG-CTGTCTC-3Ј); TNF␣, forward (5Ј-CGCTTCCTCCAGAT-GAGCTT-3Ј) and reverse (5Ј-TGCTGTCCTTGCTGAGG-GA-3Ј); IL-6, forward (5Ј-CCTCAGACATCTCCAGTCCT-3Ј) and reverse (5Ј-AATGACGACCTAAGCTGCAC-3Ј); CCL2, forward (5Ј-CCCAGTATCTGGAATGCAGG-3Ј) and reverse (5Ј-TCTGCCTCCCACTTCTGCT-3Ј); CXCL5, forward (5Ј-CCCAACCTCTTCTTTCCACAC-3Ј) and reverse (5Ј-GGA-GCGAAGATTGGAGGATC-3Ј).
Immunoprecipitation-Nuclear extracts were prepared by using Active Motif's Nuclear Complex Co-IP kit (Active Motif, 54001; Carlsbad, CA) as described previously (34) . The nuclear extracts were incubated for 12 h at 4°C with EGR-1 (sc-189X) or control pre-immune IgG (sc-2027) antibodies that had been cross-linked with A/G Plus Agarose (sc-2003). After washing, the bound proteins were eluted with 1 M glycine buffer, pH 2.5, followed by neutralization with 1 M Tris-HCl, pH 8.0. The samples were boiled for 5 min in 5ϫ SDS sample buffer, resolved on 10% SDS gels, and detected by using EGR-1-, p65-, S536P-p65-, IKK␤-, and IKK␣-specific antibodies.
Statistical Analysis-The results represent at least three independent experiments. Numerical results are presented as the means Ϯ S.E. Data were analyzed by using an InStat software package (GraphPAD, San Diego, CA). Statistical significance was evaluated by using the Mann-Whitney U test with Bonferroni correction for multiple comparisons, and p Ͻ 0.05 was considered significant. 
RESULTS

Proteasome Inhibition Induces Nuclear Accumulation of p65 NFB and IB␣ in Ovarian Cancer
Cells-To understand the mechanism of how proteasome inhibition regulates the NFB-dependent transcription in ovarian cancer cells, we first analyzed the nuclear-cytoplasmic distribution of NFB proteins in human ovarian cancer OVCAR3 and SKOV3 cells treated with increasing concentrations of bortezomib. Both NFB p65 and p50 proteins were localized predominantly in the nucleus in OVCAR3 ( Fig. 1A ) and SKOV3 ( Fig. 1B ) cells; this is consistent with the high constitutive NFB activity in these cells. Cell incubation with increasing BZ concentrations for 24 h further increased the nuclear levels of p65 both in OVCAR3 ( Fig. 1A ) and SKOV3 ( Fig. 1B ) cells, likely caused by inhibition of the previously reported p65 proteasomal degradation (38) . In addition to p65, BZ induced the nuclear translocation and accumulation of IB␣ in OVCAR3 ( Fig. 1A) and SKOV3 ( Fig. 1B) cells. This was consistent with our previous studies demonstrating that in prostate cancer and leukemia cells, proteasome inhibition induces translocation of IB␣ from the cytoplasm to the nucleus, resulting in a gene-specific repression of NFB-dependent transcription (33) (34) (35) . In contrast to p65 or IB␣, BZ did not have any pronounced effect on the nuclear levels of p50 in OVCAR3 and SKOV3 cells ( Fig. 1, A and B) . BZ also did not have any effect on actin levels or on the nuclearcytoplasmic distribution of LDH and lamin, which were used as cytoplasmic and nuclear markers, respectively ( Fig. 1, A  and B) .
To verify that BZ inhibits the proteasome activity in ovarian cancer cells, we measured the activity of the 20 S proteasome catalytic subunit in whole cell extracts prepared from OVCAR3 cells incubated 24 h with increasing concentrations of BZ. As shown in Fig. 1C , 0.1 M BZ, which approximately corresponds to the clinically used BZ concentrations in cancer patients (39) , inhibited ϳ90% of the proteasome activity. Importantly, the nuclear accumulation of p65 NFB and IB␣ induced by proteasome inhibition in ovarian cancer cells was not limited to BZ, as MG132 had a similar effect ( Fig. 1D) .
Proteasome Inhibition Increases Gene Expression of Chemokines IL-8, CCL2, and CXCL5, Whereas It Does Not Affect Expression of TNF␣ and IL-6 in Ovarian Cancer Cells-To determine whether the increased nuclear p65 accumulation induced by proteasome inhibition was associated with increased expression of NFB-dependent genes in ovarian cancer cells, we first analyzed mRNA levels of IL-8, IL-6, and TNF␣. BZ significantly increased the IL-8 expression in OVCAR3 ( Fig. 2A ) and SKOV3 ( Fig. 2B ) cells without having any significant effect on mRNA levels of TNF␣ or IL-6. Compared with untreated cells, the IL-8 expression induced by 0.1 M BZ (24 h) increased ϳ20-fold in OVCAR3 cells ( Fig. 2A ) and 60-fold in SKOV3 cells (Fig. 2B ). The increased IL-8 mRNA expression induced by proteasome inhibition was time-dependent ( Fig. 2C ).
Because the proximal NFB binding site in human IL-8 promoter (GGAATTTCC) differs from the NFB binding sites in IL-6 (GGGATTTTC) and TNF␣ (GGGTATCCT) promoters by having A instead of G in the third position, we searched for other NFB-regulated genes that would have the same NFB binding site as IL-8. We found two genes that have the same NFB binding sequence as IL-8: the pro-survival and pro-angiogenic chemokines CCL2 (also called monocyte chemoattractant protein-1; MCP-1) and CXCL5 (epithelial-neutrophil activating peptide (ENA-78)). Interestingly, both CCL2 and CXCL5 mRNA levels were also significantly increased by BZ in OVCAR3 (Fig. 2 , A and C) and SKOV3 (Fig. 2B ) cells.
To determine whether other proteasome inhibitors also increase the IL-8, CCL2, and CXCL5 mRNA levels in ovarian cancer cells, we tested the effect of MG132 on cytokine gene expression in OVCAR3 cells. Although BZ is a specific inhibitor of the ␤5 subunit chymotrypsin-like activity, MG132 targets all three proteasomal ␤ subunits and their activities (25, 26) . As shown in Fig. 2D , 10 and 50 M MG132 significantly increased the IL-8, CCL2, and CXCL5 mRNA levels in OVCAR3 cells even though to a lesser extent than BZ ( Fig. 2A ). IL-6 and TNF␣ mRNA levels were again unaffected ( Fig. 2D ). These results demonstrate that the increased chemokine expression is not limited to BZ, but other proteasome inhibitors induce chemokine mRNA levels as well. Interestingly, however, the effect of MG132 on CCL2 expression in OVCAR3 cells ( Fig. 2D ) was only modest compared with the BZ effect ( Fig. 2A) . Because in addition to having different specificity, BZ and MG132 have different chemical and metabolic stability (40, 41) , these data suggest that different proteasome activities and/or different kinetics are important for the increased IL-8, CCL2, and CXCL5 gene expression in ovarian cancer cells.
Proteasome Inhibition Specifically Increases IL-8 Release in Ovarian Cancer Cells-Because proteasome inhibition greatly increased the IL-8, CCL2, and CXCL5 mRNA levels in ovarian cancer cells, we analyzed whether these chemokines are secreted by OVCAR3 (Fig. 3A) and SKOV3 (Fig. 3B ) cells and whether BZ increases their release (Fig. 3, C and D) . Both untreated ovarian cancer cell lines released considerable amounts of IL-8; SKOV3 cells ( Fig. 3B ) released approximately two times more IL-8 than OVCAR3 cells (Fig. 3A) . Interestingly, however, neither cell type released appreciable amounts of CCL2 or CXCL5, whereas they did release IL-6 and TNF␣ (Fig. 3, A and B) . Proteasome inhibition by BZ significantly increased the IL-8 release both in OVCAR3 ( Fig. 3C ) and SKOV3 (Fig. 3D ) cells. However, in contrast to IL-8, BZ did not induce CCL2 or CXCL5 release (data not shown) and did not affect the IL-6 and TNF␣ secretion in both cell types (Fig. 3, C and D) . Thus, proteasome inhibition by BZ specifically increases the IL-8 release in human ovarian cancer cells.
The Increased IL-8 Expression Induced by Proteasome Inhibition in Ovarian Cancer Cells Is Mediated by IKK␤-To understand the mechanism of how proteasome inhibition increases the IL-8 expression in ovarian cancer cells, we first investigated the IKK involvement and analyzed the cytoplasmic and nuclear levels of IKK␣ and IKK␤ by Western blotting. Both IKK␣ and IKK␤ were localized in the cytoplasm and in the nucleus (Fig.  4A) . Interestingly, however, whereas the cytoplasmic levels of IKK␣ and IKK␤ were not changed (Fig. 4B) , BZ significantly increased their nuclear levels (Fig. 4C) , indicating that proteasome inhibition may prevent the nuclear degradation of IKK␣ and IKK␤ in ovarian cancer cells.
To determine whether the increased nuclear levels of IKK␣ and/or IKK␤ are associated with the increased mRNA levels of IL-8 (and CCL2 and CXCL5) induced by protea- some inhibition, we analyzed the effect of IKK inhibition on the gene expression of IL-8, CCL2, and CXCL5 in ovarian cancer cells. We used two inhibitors of IKK: PS-1145, which is a specific inhibitor of IKK␤, and Bay-117082, which is a broad-spectrum inhibitor of IKK kinases (21, 42) . Both inhibitors suppressed Ser-536 phosphorylation of p65 in the nucleus (Fig. 4D) , which is in agreement with a previous study demonstrating that both IKK␣ and IKK␤ can phosphorylate p65 at Ser-536 (43) . In OVCAR3 cells incubated for 24 h with 1 M BZ, a 12 h preincubation with 20 M PS-1145 or 5 M Bay-117082 inhibited p65 phosphorylation by ϳ50% (Fig. 4E ). This is consistent with the previously reported PS-1145 and Bay-117082 IC 50 values for IB␣ phosphorylation and NFB-dependent transcription in prostate cancer cells (42, 44, 45) . Both inhibitors also significantly suppressed the BZ-induced IL-8, CCL2, and CXCL5 mRNA levels in OVCAR3 ( Fig. 4F ) and SKOV3 (data not shown) cells, whereas they did not have any substantial effect on TNF␣ or IL-6 expression ( Fig. 4F ). In cells treated with 1 M BZ, 20 M PS-1145, and 5 M Bay-117082 suppressed ϳ50% of IL-8 mRNA levels. These data indicated that the increased IL-8 expression induced by proteasome inhibition in ovarian cancer cells is mediated by IKK␤.
Proteasome Inhibition Specifically Increases IKK␤, S536P-p65, and EGR-1 Recruitment to IL-8 Promoter-The above data suggested that the nuclear IKK␤ regulates the IL-8 expression in ovarian cancer cells. We hypothesized that if the nuclear IKK␤ is involved in the BZ-increased IL-8 (and CCL2 and CXCL5) mRNA expression, then it would be recruited to IL-8, CCL2, and CXCL5 promoters but not to TNF␣ or IL-6 promoters. Thus, we analyzed IKK␤ and IKK␣ occupancy at the endogenous IL-8, CCL2, CXCL5, IL-6, and TNF␣ promoters in OVCAR3 cells treated 24 h with 0, 0.1, and 1 M BZ. As shown in Fig. 5A , proteasome inhibition significantly increased IKK␤, but not IKK␣, recruitment to IL-8, CCL2, and CXCL5 promoters, whereas it did not have any significant effect on IKK␤ or IKK␣ recruitment to IL-6 or TNF␣ promoters (Fig. 5A) .
Because IKK␤ phosphorylates p65 at Ser-536 (43), we wanted to determine whether the increased IKK␤ occupancy at IL-8 promoter is associated with elevated S536P-p65 recruitment. In addition to Ser-536-phosphorylated p65 NFB, we analyzed recruitment of p65, p50, and the transcription factor EGR-1, which was shown to regulate IL-8 expression in other cell types (46, 47) . As shown in Fig. 5B , proteasome inhibition did not change p65 recruitment to any of these promoters, whereas it inhibited p50 recruitment to IL-6 and TNF␣ promoters. In contrast to p65, proteasome inhibition greatly increased the recruitment of S536P-p65 to IL-8 (and CCL2 and CXCL5) promoters, but it did not affect the low S536P-p65 occupancy at IL-6 and TNF␣ promoters (Fig. 5B) . Interestingly, proteasome inhibition also significantly increased EGR-1 recruitment to IL-8, CCL2, and CXCL5 promoters but not to IL-6 or TNF␣ promoters (Fig.  5B) . Together, these data demonstrated that in ovarian cancer cells the proteasome inhibition by BZ specifically increases IKK␤, S536P-p65, and EGR-1 recruitment to IL-8, CCL2, and CXCL5 promoters.
The Nuclear EGR-1 Associates with p65, S536P-p65, and IKK␤ in Ovarian Cancer Cells, and Proteasome Inhibition Further Increases the Nuclear EGR-1, S536P-p65, and IKK␤ Interaction-The increased IKK␤, S536P-p65, and EGR-1 occupancy at the IL-8 promoter indicated that IKK␤, S536P-p65, and EGR-1 interact in the nucleus of ovarian cancer cells. To investigate this possibility, we analyzed the nuclear EGR-1, S536P-p65, and IKK␤ interaction by co-immunoprecipitation using EGR-1 antibody. As shown in Fig. 6A , EGR-1 was immunoprecipitated from the nuclear extracts of untreated and BZ (1 M; 24 h)-treated OVCAR3 cells by using EGR-1 but not pre-immune control IgG antibody. The nuclear EGR-1 was complexed with p65 NFB. However, although the nuclear levels of p65 were increased by BZ ( Figs. 6A and 1A) , the amount of co-immunoprecipitated p65 in BZ-treated cells was ϳ50% lower compared with untreated cells (Fig. 6B) . In contrast, the amount of co-immunoprecipitated S536P-p65 was increased by BZ by ϳ40% compared with untreated cells (Fig. 6B) , indicating that EGR-1 preferentially binds p65 phosphorylated at Ser-536, and BZ further increases this interaction. In addition, EGR-1 co-immunoprecipitated with the nuclear IKK␤, but not IKK␣ (Fig. 6A ), and BZ further increased the EGR1-IKK␤ interaction by ϳ100% (Fig. 6B) . These data indicated that BZ increases the nuclear interaction of IKK␤, S536P-p65, and EGR-1, resulting in their increased association with the IL-8 promoter and IL-8 expression.
The Increased IL-8 Expression Induced by Proteasome Inhibition in Ovarian Cancer Cells Is Mediated by EGR-1-Because proteasome inhibition increased the nuclear binding of EGR-1, S536P-p65, and IKK␤ ( Fig. 6 ) and the EGR-1 recruitment to IL-8 promoter (Fig. 5B) , we wanted to determine whether EGR-1 is required for the increased IL-8 expression. To this end, OVCAR3 cells were transfected with EGR-1 siRNA or control siRNA and then incubated 24 h with 0, 0.1, and 10 MBZ. As shown in Fig. 7, A and B , cells transfected with EGR-1-specific siRNA exhibited a significant reduction in EGR-1 protein levels compared with cells transfected with control siRNA. Importantly, the EGR-1 suppression resulted in a greatly reduced IL-8 (and CCL2 and CXCL5) mRNA levels in BZ-treated cells compared with cells transfected with control siRNA (Fig. 7C) . In contrast, EGR-1 suppression did not have any considerable effect on the expression of IL-6 or TNF␣ (Fig. 7C) . Thus, the increased IL-8 expression induced by proteasome inhibition in ovarian cancer cells is mediated at least partly by EGR-1.
IKK␤ Activity Is Required for the Increased EGR-1, IKK␤, and S536P-p65 Recruitment to IL-8 Promoter in Ovarian Cancer Cells-To analyze whether the proteasome inhibition-induced recruitment of IKK␤, S536P-p65, and EGR-1 to IL-8 promoter requires the kinase activity of IKK␤, OVCAR3 cells were preincubated with the IKK␤ inhibitor PS-1145 before 24 h of treatment with 1 M BZ. Inhibition of IKK␤ activity by PS-1145 significantly attenuated the BZ-induced EGR-1 (Fig. 8A) , IKK␤ (Fig. 8B) , and S536P-p65 ( Fig. 8C ) recruitment to IL-8, CCL2, and CXCL5 promoters, whereas it did not have any significant effect on EGR-1, IKK␤, or S536P-p65 recruitment to IL-6 or TNF␣ promoters. Together, these data demonstrated that in ovarian cancer cells, proteasome inhibition specifically increases S536P-p65, IKK␤, and EGR-1 recruitment to IL-8 promoter and that both IKK␤ activity and EGR-1 expression are required for the BZ-induced IL-8 expression in ovarian cancer cells.
Bortezomib Does Not Increase IL-8 Release in Multiple Myeloma Cells-We have recently shown that proteasome inhibition specifically induces IL-8 release also in metastatic prostate cancer cells, albeit by a different mechanism that involves IKK␣ but not IKK␤ (33) . Despite the limited effectiveness of BZ as a single agent therapy in ovarian cancer, metastatic prostate cancer, and other solid tumors, proteasome inhibition has been remarkably effective in the treatment of multiple myeloma (25, 26) . Thus, we wanted to determine whether BZ increases IL-8 release in multiple myeloma cells. We used two multiple myeloma cell lines:
IM-9 cells that release high levels of IL-8 and CCL2 (Fig. 9A ) and RPMI-8226 cells that release only low levels of these chemokines (Fig. 9B) . Interestingly, BZ did not increase IL-8 release in either cell line, whereas the CCL2 release was actually inhibited (Fig. 9, C and D) . Together, these data suggest that the BZ-induced IL-8 release is unique to ovarian, prostate, and perhaps other solid tumors and may represent one the mechanisms responsible for the BZ limited effectiveness in solid cancers.
DISCUSSION
The key finding of this study is that in ovarian cancer cells, proteasome inhibition specifically increases expression and release of IL-8. Our data indicate that the responsible mechanism involves the increased nuclear accumulation of IKK␤ and the increased recruitment of IKK␤, S536P-p65, and EGR-1 to the NFB binding site in IL-8 promoter (Fig. 10) . The nuclear EGR-1 associates with IKK␤ and with p65, with preferential binding to S536P-p65. Both IKK␤ activity and EGR-1 expression are required for the increased expression of IL-8 induced by proteasome inhibition in ovarian cancer cells. These data provide the first evidence for the gene-specific recruitment of IKK␤, S536P-p65, and EGR-1 to the NFB binding site in IL-8 promoter and for the increased release of IL-8 in ovarian cancer cells.
We have recently shown that bortezomib increases IL-8 expression in prostate cancer cells (33) . But what are the differences between prostate and ovarian cancer cells in their responses to bortezomib? In prostate cancer cells, the increased expression of IL-8 is not mediated by IKK␤, but by IKK␣. Furthermore, in prostate cancer cells, S536P-p65 is not recruited to the IL-8 promoter; instead, bortezomib increases IKK␣-dependent recruitment of unphosphorylated p65 (33) . In contrast, in ovarian cancer cells, the unphosphorylated p65 is not recruited to IL-8 promoter, whereas the S536P-p65 is recruited, and bortezomib further increases this recruitment (Fig. 5 ). Thus, even though proteasome inhibition induces IL-8 expression in both cancer types, the responsible mechanisms are clearly different.
Interestingly, we have shown that in contrast to ovarian and prostate cancer cells, BZ does not increase IL-8 release in multiple myeloma cells ( Fig. 9 ). Because BZ has been very effective in the treatment of multiple myeloma, these data suggest that the BZ-induced IL-8 release in ovarian and prostate cancer cells and perhaps other solid tumors may represent one of the mechanisms responsible for the limited efficiency of BZ in solid tumors.
The initial rationale for BZ development and use in multiple myeloma was the inhibition of NFB-dependent transcription by blocking the inducible proteasomal degradation of IB␣. In TNF-stimulated multiple myeloma (and other) cells, BZ prevented the inducible IB␣ degradation, resulting in the inhibition of p65 and p50 nuclear translocation and suppressed transcription of NFB-dependent genes (21) (22) (23) . However, more recent studies have indicated that proteasome inhibition can induce the constitutive canonical NFB pathway in unstimulated cells by increasing phosphorylation of IKK, resulting in the cytoplasmic degradation of IB␣ and increased nuclear translocation of p65 and p50 subunits (24, 48) . In this study we showed that p65 and p50 NFB subunits are constitutively localized in the nucleus of ovarian cancer cells, and proteasome inhibition further increases p65 nuclear accumulation. However, in ovarian cancer cells, proteasome inhibition does not induce IB␣ degradation; rather, it induces its translocation from the cytoplasm to the nucleus (Fig. 1) . Thus, the "classical" canonical pathway does not seem to be involved in ovarian cancer cells. The mechanism responsible for the increased IL-8 expression in ovarian cancer cells involves the BZ-increased nuclear accumulation of IKK␤, p65 phosphorylation, and S536P-p65, EGR-1, and IKK␤ recruitment to the IL-8 promoter.
Very little is known about the nuclear functions of IKK␤, which does not contain the classical nuclear localization signal, and was originally thought to be localized only in the cytoplasm. Several studies have shown IKK␤ also in the In ovarian cancer cells, proteasome inhibition increases the nuclear accumulation of IKK␤, resulting in the increased recruitment of IKK␤, S536P-p65, and EGR-1 to the IL-8, CCL2, and CXCL5 promoters and increased IL-8, CCL2, and CXCL5 transcription. Both IKK␤ activity and EGR-1 expression are required for the increased gene expression of IL-8, CCL2, and CXCL5 in ovarian cancer cells. However, only IL-8 is released from ovarian cancer cells in response to proteasome inhibition. Proteasome inhibition does not increase IKK␤, S536P-p65, and EGR-1 recruitment to TNF␣ and IL-6 promoters that are occupied by p50 NFB, and does not increase transcription of these genes. nucleus, where it seems to have both NFB-dependent and NFB-independent functions (49 -55) . One of the potential nuclear substrates of IKK␤ is p65 NFB, as it can be phosphorylated by IKK␤ at Ser-536 (43, 56) . Phosphorylation of p65 at Ser-536 regulates its interactions with other transcription factors as well as the specificity of NFB promoter binding (56 -58) . Our data indicate that phosphorylation of p65 at Ser-536 increases its affinity for EGR-1 (Fig. 6 ), which may result in the increased recruitment of the S536P-p65⅐EGR-1 complex to the NFB binding site in IL-8 promoter and increased IL-8 transcription. In addition, EGR-1 itself may be a potential IKK␤ substrate, as its transcriptional activity is regulated by phosphorylation (59, 60) .
EGR-1 has been shown to play a crucial role in the regulation of cell growth, differentiation, transformation, and apoptosis. In human ovarian carcinoma, EGR-1 mediates expression of the transmembrane collagenase membrane type 1 matrix metalloproteinase (MT1-MMP), resulting in the increased cellular invasion and potentiating metastasis (61) . In addition, EGR-1 was shown to mediate expression of IL-8 in prostate cancer cells and human epidermal carcinoma cells (46, 47) . However, because human IL-8 promoter does not contain the EGR-1 consensus binding sequence (GCG(G/T)GGGCG), it seems likely that EGR-1 and IKK␤ associate with IL-8 promoter through the Ser-536-phosphorylated p65 NFB.
Even though p65 as well as the other Rel-containing NFB subunits can bind DNA through the Rel homology domain, several studies have shown that p65 phosphorylation on Ser-536 decreases its affinity for IB␣ and increases its binding to DNA (56, 58, 62) . Interestingly, recent studies have also indicated that a new non-Rel protein RPS3 can bind to p65-containing complexes, including p65 homodimers, and dramatically increase their affinity for specific NFB binding sites (63, 64) . Thus, it will be interesting in the future to determine whether RPS3 is a part of the IKK␤⅐EGR-1⅐S536P-p65 complex in ovarian cancer cells and whether proteasome inhibition increases its nuclear levels.
Previous studies have indicated that a single nucleotide can influence specificity of the recruitment of individual NFB dimers and cofactors (65) (66) (67) . Because our original results have shown that proteasome inhibition specifically increases IL-8, whereas it does not affect TNF␣ or IL-6 expression, we have compared the NFB binding sites in human IL-8, TNF␣, and IL-6 promoters and found that the proximal NFB binding site in IL-8 promoter differs from TNF␣ and IL-6 promoters by having A instead of G in the third position (Table 1) . We hypothesized that promoters having the same NFB binding sequence as IL-8 would be also occupied by S536P-p65, IKK␤, and EGR-1, and this occupancy and gene expression would be increased by proteasome inhibition. We found two genes that have the same NFB binding sequence as IL-8: CCL2 and CXCL5 (Table 1) . Intriguingly, both CCL2 and CXCL5 are also pro-angiogenic chemokines that have similar functions as IL-8; IL-8 and CXCL5 (ENA-78) were originally discovered as the neutrophil chemoattractants (68, 69) , and CCL2 (MCP-1) was discovered as a monocyte chemoattractant (70) . All three chemokines promote inflammation, and their protein levels are increased in many tumors, including ovarian cancer ascites (3) (4) (5) (6) . Even though the ovarian carcinoma OVCAR3 and SKOV3 cell lines release only IL-8, the fact that proteasome inhibition specifically increases S536P-p65, IKK␤, and EGR-1 recruitment to all three promoters and IL-8, CCL2, and CXCL5 gene expression in ovarian cancer cells suggests that the GGAATTTCC NFB binding site has an increased affinity for S536P-p65 binding, resulting in the increased transcription.
Despite the limited effectiveness of BZ as a single agent in the treatment of ovarian carcinoma and other solid tumors, BZ has been considered in combination with cisplatin and other platinum drugs (27) (28) (29) (30) , as it prevents the proteasomal degradation of cisplatin influx transporter, resulting in the increased cisplatin uptake and tumor cell killing (31, 32) . In addition, recent studies have suggested that anti-inflammatory therapy may enhance the cytotoxicity of platinum drugs and proteasome inhibitors in ovarian carcinoma (71) (72) (73) . Findings in this study indicate that the increased expression and release of IL-8 induced by proteasome inhibition may represent one of the mechanisms responsible for the decreased effectiveness of BZ in ovarian cancer treatment and identify IKK␤ and EGR-1 as potential new targets in ovarian cancer combination therapies. 
